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Electronic structure of radially deformed BN and BC3 nanotubes
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We investigate the band-gap modification by radial deformation in BN and BC3 nanotubes through first-
principles pseudopotential density-functional calculations. In zigzag BN nanotubes, radial deformations that
give rise to transverse pressures of about 10 GPa decrease the gap from 5 to 2 eV, allowing for optical
applications in the visible range. When armchair BC3 nanotubes with the gap of about 0.5 eV are collapsed
down to the interlayer distance of 3.5 Å, a gap closure occurs due to the lowering of the unoccupiedp band.
On the other hand, the band gaps of armchair BN and zigzag BC3 nanotubes are found to be insensitive to
radial deformations. This different behavior between zigzag and armchair nanotubes is attributed to the dif-
ferent characteristics of states near the gap.
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Carbon nanotubes that consist of only carbon atoms
be thought as a single layer of graphite that is wrapped
a cylinder.1 The electronic structure of a perfect C nanotu
is known to be either metallic or semiconducting, depend
on tube diameter and wrapping angle.2–5 The mean diamete
of C nanotubes can be controlled by varying target temp
ture in synthesis.6 However, a broad distribution of nanotub
diameters still exists, and to date it seems difficult to con
in a practical way, precisely the tube diameter and helic
for nanosized electronic and photonic devices. Although
cylindrical form of nanotubes is extremely rigid to disto
tions along the tube axis, it is very flexible to those perp
dicular to the axis. In addition, the electronic properties
carbon nanotubes are sensitively modified by structu
changes such as twisting and topological defects.7,8 Very re-
cent theoretical calculations proposed that it is possible
control with relative ease the electronic structure of C na
tubes by flattening deformations, which can be imposed
transverse pressures or locally by electrode contacts.9,10 Flat-
tening deformations induce the band-gap modification s
as opening and closure, thus, locally created energy bar
can make quantum dots or wires in C nanotubes.

The existence of BN, BC3, and BC2N nanotubes was
theoretically proposed,11–14 and experimental realization
have been made for BN and BC3 nanotubes as well as com
posite BxCyNz nanotubes including signature of BC2N.15–17

Due to the ionic origin of the band gap, BN nanotubes w
diameters larger than 9.5 Å@which corresponds to the diam
eter of the~12,0! tube# have a very stable quasiparticle gap
about 5.5 eV, almost independent of tube diameter, helic
and wall-wall interactions. As the C composition increases
BxCyNz nanotubes, the calculated band gap within the loc
density-functional approximation~LDA ! generally de-
creases, to 2.0 and 0.5 eV, for BC2N and BC3 nanotubes,
respectively. Thus, the synthesis of composite BxCyNz nano-
tubes would make possible applications for electronic a
photonic devices with a variety of electronic properties18

However, a helicity selection was observed in both multiw
and single-wall BN nanotubes,17 while C nanotubes exhibi
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random helicities. Using molecular-dynamics simulatio
Blase and co-workers attributed this helicity selection to
greater stability of B-N bonds, as compared to B-B and N
bonds.19 In view of such difficulties in selective growth o
nanotubes, band-gap engineering using simple flattening
formation, combined with the lack of chemical reactivity,20

is a promising means for device applications of B- a
C-based nanotubes.

In this paper, we study the electronic structure of c
lapsed BN and BC3 nanotubes through first-principle
pseudopotential density-functional calculations. In the zigz
~9,0! BN tube, the LDA band gap varies from 3.5 to 1.0 e
with increasing severity of flattening deformation, while th
band gap of armchair BN tubes is little affected. Simil
deformations induce a semiconductor-metal transition
armchair BC3 nanotubes, which have relatively small gap
However, the electronic properties of zigzag BC3 nanotubes
are insensitive to radial deformation, similar to the case
armchair BN tubes. Such distinct modifications by deform
tion should allow tuning of band gaps for device applic
tions.

To investigate the effect of radial deformations on t
electronic structure of BN and BC3 nanotubes, we perform
first-principles pseudopotential calculations within the LD
Ab initio norm-conserving pseudopotentials are generated
the scheme of Troullier and Martins,21 and transformed into
the Kleinman-Bylander separable form.22 The Ceperley-
Alder exchange and correlation potential23 is used. The wave
functions are expanded in a plane-wave basis set wit
kinetic-energy cutoff of 36 Ry, which ensures the conv
gence of band energy differences to within 0.05 eV. T
LDA calculations are carried out for tetragonal superce
with atoms on neighboring tubes at distances larger than
away. We calculate the Hellmann-Feynman forces and re
ionic positions using the quasi-Newton method24 until the
collapsed geometry is fully optimized. During relaxation, w
impose the constraint that atoms are only allowed to m
between two infinite barriers, the separation of which giv
the interlayer distanced of the collapsed tube. Before gene
©2001 The American Physical Society08-1
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ating collapsed nanotubes, we calculate the equilibrium b
distances. For a graphitic layer of BN, the B-N bond distan
is calculated to be 1.45 Å, while the B-C and C-C bo
distances in a single BC3 sheet are 1.55 and 1.41 Å, respe
tively. We find similar bond distances in collapsed BN a
BC3 nanotubes.

The band structure of a nanotube basically stems from
k-space energy surface of a graphitic sheet through ba
folding effect. Thus, the band gap of the corresponding sh
is the limiting value of band gaps of nanotubes, as tube
ameter increases. In Fig. 1, the LDA band structures of
and BC3 single layers are compared with that for a graph
sheet near the Fermi level. A graphite sheet has a hexag

primitive cell with two C basis atoms at~0,0! and (1
3 , 1

3 ) in
units of the lattice vectors. In ap-orbital approximation,5

with only the pz orbitals of the basis atoms included, tw
energy levels characterized byp and p* are degenerate a
the Fermi level. The Fermi point is positioned at theK point
in the two-dimensional hexagonal Brillouin zone. Since t
two basis atoms in the primitive cell are identical, the cha
densities for thep and p* states are equally distribute
around the basis atoms. Thep andp* states are compose
of a different combination of thepz orbitals, corresponding
to 1/A2(1,1) and 1/A2(1,21), respectively, which we will
simply denote as~1,1! and (1,21) in the discussion below.10

In a single BN sheet, the B-N bond length of 1.45 Å
slightly larger than the C-C bond length in a graphene. B
cause of the ionic B-N bond, the degeneracy at the Fe
level is removed. A large LDA direct gap of 4.5 eV is foun
at theK point, as compared to the measured gap of near
eV. In supercell calculations, when the layer-layer distanc
at about 6 Å, we find however an indirect gap due to lay
layer interactions.12 It is noted that thep state mostly con-
sists ofpz orbitals around the N atoms, while thep* state is
composed ofpz orbitals distributed around the B atoms; thu
thep andp* states are expressed as~0,1! and~1,0!, respec-
tively. Because the electron affinity of the N atom is larg
the ~0,1! state has lower energy than the~1,0! state.

For a BC3 sheet, we adopt the geometry proposed
previous theoretical calculations,13 where six C atoms form a

FIG. 1. The LDA band structures for BN and BC3 sheets are
compared with that for a single graphite sheet in the hexago
Brillouin zone. The dot-dashed line and shaded regions denote
Fermi level and band gap, respectively.
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hexagon surrounded by six B atoms. Thus, C-C and B
bonds are symmetrically arranged with respect to the he
gon center, while B-B bonds are excluded. We find linea
dispersingp andp* bands crossing at theK point, similar to
the graphite sheet. However, because of the lack of one
lence electron on each B atom compared to carbon, thp
state is completely unoccupied, as shown in Fig. 1, becom
the lowest-unoccupied-molecular-orbital~LUMO! state,
which has the charge distribution mainly at the B-C bon
The highest-occupied-molecular-orbital~HOMO! state is
characterized by thes bonding between the constituen
atoms.25,26 We find an indirect band gap of 0.46 eV fromG
to M. Although a monolayer has a finite band gap, a laye
structure of bulk BC3 is known to have band overlaps and
high conductivity due to layer-layer interactions.26

It is known that BN and BC3 nanotubes with large diam
eters are semiconductors with band gaps of about 5.5 and
eV, respectively,11–13 while insulating C nanotubes becom
metallic with increasing diameter, independent of the wra
ping index.27 In BN tubes with diameters less than 9.5 Å
however, previous tight-binding calculations showed that
tube diameter decreases, the band gap of the zigzag t
decreases more rapidly, as compared to that of the armc
tubes.11 Since the curvature of tubes is effectively enhanc
by a flattening deformation, the sensitivity of band gap
flattening deformation is expected to be higher in zigz
tubes. The band structures of the zigzag~9,0! and armchair
~5,5! BN tubes are plotted and compared for various flatt
ing deformations in Fig. 2. In the plot, for each deform
nanotube, the band energies are given with respect to
vacuum level, which is defined as the total local poten
evaluated in the vacuum region of the supercell in the ca
lation. As expected, for the~9,0! nanotube, the band gap i
reduced from 3.5 to 1.0 eV as the tube is flattened fromd

al
he

FIG. 2. The variations of the band gaps with flattening deform
tion in ~a! ~9,0! and ~b! ~5,5! BN nanotubes. The shaded region
denote the band gaps and the number indicates the separation~d! of
the two opposing faces of the flattened tubes.
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ELECTRONIC STRUCTURE OF RADIALLY DEFORMED . . . PHYSICAL REVIEW B63 205408
57.4 tod52.0 Å, varying almost linearly with the interlaye
distanced. However, a gap closure does not occur and
direct gap is found at theG point in all the collapsed tube
considered. To deform BN nanotubes tod53.0 Å, a trans-
verse pressure of about 10 GPa is needed, as estimated
the total-energy variation with deformation. For modera
deformations down to near the van der Waals interla
spacing, the gap is found to be about 2 eV. Since zig
tubes with large diameters have a gap of;5 eV, flattening
deformation allows the tuning of energy gap in the range
125 eV.

In zigzag nanotubes, the smallest building block in co
structing the nanotube lattice is a rectangular cell contain
two B and two N atoms, as shown in Fig. 3~a!, which is
twice as large as the unit cell of an isolated flat sheet.
peating the rectangular cell along the circumferential dir
tion gives rise to the conventional primitive cell of the zigz
nanotube. An analysis of wave functions in the rectangu
box is important in understanding the wave functions of
whole nanotube.10 When a graphitic BN sheet is rolled up
the wave vectors (kx) perpendicular to the tube axis a
quantized such askx52pq/L, whereL is the circumference
of the tube andq is an integer. In the perfect~9,0! BN tube,
the LUMO state corresponds to theq50 state. Since theq
50 state is represented by the wave function (1,0,21,0) for
the four consecutive atoms~B-N-B-N! in the rectangular cel
in Fig. 3~a!, only the B atoms havepz orbitals. In fact, we

FIG. 3. Ball-and-stick models for~a! ~9,0! and ~c! ~5,5! BN
nanotubes. The rectangular boxes are the smallest building bl
to construct the nanotube lattices by repeating along the circum
ential direction.~b! Charge-density contours for the LUMO states
the perfect~left panel! and flattened~right panel! ~9,0! tubes in the
cross sections,a1 and a2. ~d! Charge-density contours for th
HOMO states in the perfect~left panel! and flattened~right panel!
~5,5! tubes in the cross sections,b1 andb2.
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find that appreciable charge densities are accumulated a
B atoms, while very little charges at the N atoms, as illu
trated in Fig. 3~b!. When the tube is flattened, theq50 band-
folded state is mixed with a subband state in the conduc
band, causing a charge transfer from the flattened layer
the curved regions. Then, an overlap of the charge dens
is induced in the curved regions. Because of the formation
weak bonds between the B atoms in the curved regions,
conduction-band minimum state decreases under flatte
deformation. Similar behavior was also found in zigzag c
bon nanotubes, where the singly degenerate state decre
due to the enhanced accumulation of charge densities in
curved regions.9,10

The armchair nanotube lattice can also be constructed
repeating the same building block as that in zigzag tubes,
now it is rotated by 90° with respect to the tube axis. For
consecutive B-N-B-N atoms in a rectangular cell, the LUM
state (p* ) is represented as (1,0,21,0), similar to theq
50 state in the~9,0! tube, while the HOMO state (p) is
represented as (0,1,0,21). The results indicate that thepz
orbitals reside only at one type of atoms for these sta
Figure 3~d! shows the charge densities of the HOMO sta
for the perfect and the flattened tubes, indicating that t
state maintains the characteristics of the (0,1,0,21) wave
function, with almost equal weights inside and outside
tube. A charge transfer from the flattened layers to
curved regions is not found, in contrast to the case of zig
tubes. This is due to the large distance between same sp
along the circumference, which makes it unfavorable for
overlap of charge densities in the curved regions. As
~5,5! BN tube is collapsed, the free-electronlike tubule co
duction band,12 which is the LUMO state at the initial stag
of flattening, moves to higher energies, while a newp* sub-
band appears as the LUMO state near theX point, as shown
in Fig. 2~b!. Nevertheless, for small deformations down
d55.0 Å, the band gap is little affected by flattening defo
mation. However, ford less than an interlayer spacing o
3.35 Å, the gap suddenly decreases by 0.5 eV due to in
actions between the two facing layers of the collapsed tu
This situation is similar to the case of collapsed armchai
nanotubes. When armchair C nanotubes undergo flatte
deformation that breaks all mirror symmetries of the tub
the broken symmetry induces a mixing of two linear ban
which are even and odd under mirror symmetry operatio
resulting in a gap opening. In this case, very small gaps~less
than 10 meV! are induced for flattening deformations ofd
>4.0 Å, while the gap increases to about 0.1 eV as lay
layer interactions become significant atd53.35 Å.9,10

In previous tight-binding calculations for BC3 nanotubes,
the band gap of perfect zigzag tubes was found to decre
as tube diameter decreases, while armchair (n,n) (n
53,4,5) tubes have an almost constant gap independen
their diameters.13 Thus, one might naively expect a band g
closure to be more likely to occur in zigzag BC3 tubules
under flattening deformation. In our LDA calculations fo
collapsed~4,0! and~3,3! BC3 nanotubes, we only find a ga
closure in the armchair tube, as shown in Fig. 4. This pe
liar behavior results from the fact that BC3 tubes have both
the p andp* bands above the Fermi level, while the top
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the valence bands hass character. The folded bands of th
unoccupiedp band of a single BC3 sheet have a bandwidt
of about 1.5 eV and are located just above the band ga
higher energy gap between thep and p* bands, which is
analogous to real gaps in C nanotubes, is seen at theG point
in the zigzag tube, and decreases under flattening defo
tion, similar to collapsed C nanotubes. Such a gap in
conduction-band complex is in fact closed for an interla
spacing between 5 and 6 Å. However, as the zigzag tub
flattened, thep band complex width increases slightly, wit
a small upward movement at theG point. Figure 5~b! shows
the charge densities for the lowestp conduction-band state
located at theX point, which are mostly distributed at th
zigzag B-C bonds, with thep orbitals at the B atoms. Sinc
flattening deformation does not disturb this charge distri
tion, the lowest conduction-band state is insensitive to de
mation. In addition, the highest valence-band state withs
character is also unaffected by deformation. Thus, the fun
mental gap of about 0.6 eV fromG to X for the ~4,0! BC3
tube is almost independent of flattening deformation.

On the other hand, for the armchair BC3 tube, thep and
p* conduction bands cross each other near 2/3 of the
tance fromG to X on theG-X line. When one mirror sym-
metry is preserved during deformation, the degeneracy
remains at the crossing point. But, the crossing point of thp
andp* bands moves closer to theX point as flattening de-
formation is enhanced, indicating that the movements of
p and p* bands are opposite withp bands lowering in
energy. In collapsed armchair C nanotubes, the cros
point of p andp* was found to move to theG point. Figure
5~d! shows the charge densities for the lowest conducti
band state located at theG point, which are accumulated a
the B-C bonds normal to the tube axis. In collapsed armc
tubes, we find that thepz orbitals on both the B and C atom
are more noticeably overlapped in the curved regions.

FIG. 4. Variations of the band gaps with flattening deformat
in ~a! ~4,0! and~b! ~3,3! BC3 nanotubes. The shaded regions den
the band gaps and the number indicates the separation (d) of the
two opposing faces in the flattened tubes.
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cause of the weak bonds induced by the overlap ofpz orbit-
als, the lowest conduction-band state is lowered. We fin
gap closure when the tube is flattened down tod53.5 Å for
the ~3,3! BC3 tube.

In device applications, the preferentially grown zigz
BN nanotubes would be promising optical materials in na
metric size, because the band gaps are tunable with flatte
deformation. Depending on the severity of flattening, the
ergy gaps range from ultraviolet to infrared. On this bas
we consider the effect of localized deformations in zigz
BN nanotubes, where a small deformed region is sandwic
between two longer and perfectly shaped tubes. From
LDA calculations, we find band offsets of about 0.4 and 2
eV for the valence and conduction bands, respectively,
the locally deformed tube withd52.0 Å, as shown in Fig. 6.
This band diagram is quite similar to that of the double h

e

FIG. 5. Ball-and-stick models of~a! ~4,0! and ~c! ~3,3! BC3

nanotubes.~b! Charge-density contours for the LUMO states in t
perfect (d56.5 Å! and flattened (d55.0 Å! ~4,0! BC3 tubes in the
cross sections,a1 and a2. ~d! Charge-density contours for th
LUMO states in the perfect (d58.5 Å! and flattened (d55.0 Å!
~3,3! BC3 tubes in the cross sections,b1 andb2.

FIG. 6. The band diagram for a~9,0! BN nanotube device,
where a locally deformed tube (d52.0 Å! is sandwiched between
two perfect tubes. HereEv andEc denote the valence-band max
mum and conduction-band minimum states, respectively.
8-4
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ELECTRONIC STRUCTURE OF RADIALLY DEFORMED . . . PHYSICAL REVIEW B63 205408
erostructure laser diode,28 suggesting that the locally de
formed tube may act as an optically active region.

In conclusion, we have performed first-principles pseu
potential density-functional calculations on BN and B3
nanotubes under flattening deformation. A pressure of ab
10 GPa is needed to collapse the nanotubes down to a
der Waals interlayer spacing. We find the possibility
band-gap tuning in the range of 125 eV in zigzag BN
nanotubes, which gives rise to potentially useful variations
device applications. In BC3 nanotubes, because of an over
reduction in the number of electrons per formula unit, t
variation of the fundamental band gap with deformation
pp

,

h-

B

v

v

20540
-

ut
an
f

n
l
e
s

very different from those in both C and BN nanotubes. W
find that flattening deformation induces a semiconduct
metal transition in armchair BC3 nanotubes. In both armcha
BN and zigzag BC3 nanotubes, the band gap is insensitive
flattening deformation.
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